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The six-port modulation holds potential benefits for wireless communications, 
radars, and millimeterwave imaging by achieving low cost, low power consumption 
and broadband capability. This technique modulates the baseband or information 
signal on the RF or microwave carrier frequency by controlling the reflection 
coefficients of the In-phase and Quadrature ports in the signal transmission path. 
Fundamentally, the six-port modulation technique is different from conventional 
mixer-type modulation. Hence, it is important to understand the operating principle 
and characteristics of the six-port networks, in relation to the modulation scheme to 
optimise the performance for wireless transmission. In particular, specifications 
related to the carrier leakage, phase mapping, conversion efficiency, dynamic range 
are crucial for designing six-port modulator in the wireless transmitter. 
 
This dissertation has derived the transfer function of the serial and parallel types 
of six-port modulators and investigated their performances in terms of carrier leakage, 
Gray mapping, and conversion efficiencies based on QPSK. The analysis result shows 
that carrier leakage is minimized when ΓON=-ΓOFF. In addition, the symbol 
constellation mapping analysis shows that parallel six-port QPSK modulator has Gray 
mapping feature but this is not found in the serial six-port QPSK modulator. The 
analysis also proves that the serial and parallel modulators have maximum 100% and 
50% conversion efficiency respectively. But, the efficiency of serial modulator 
deteriorates faster than parallel modulator when the terminations are not ideal. In 
addition, serial modulator requires tighter design tolerances due to its cascaded 
V 
topology. Theoretical and measured results show good agreements for six-port QPSK 
modulation.  
 
This dissertation also discusses a direct 16 Quadrature amplitude modulation 
(QAM) modulator based on the parallel six-port modulator technique to increase the 
data rate. This novel 16-QAM modulator uses a six-port passive microwave network 
to implement the modulation scheme with suitable terminations. A microwave 
prototype was built to validate the 16-QAM modulation up to 200Mbps data rate at 
4.2GHz carrier frequency. The results show that it is capable of wide dynamic range 





List of Tables 
TABLE 2.1 Reflection of different termination ..........................................................12 
TABLE 2.2 Simulation results of S-parameter of serial six-port junction ..................18 
TABLE 2.3 Simulation results of S-parameter of parallel six-port junction...............23 
TABLE 3.1 Baseband source setting for Gray mapping verification..........................43 
TABLE 4.1 PS2-14-450/8S power divider specifications...........................................54 
TABLE 4.2 QS2-05-463/2 90o hybrid specifications ..................................................54 
TABLE 4.3 ZASWA-2-50DR switch control logic ....................................................56 
TABLE 4.4 Parameters of RO4003C used in six-port modulators .............................57 
TABLE 4.5 4.2GHz Transmission line dimension......................................................57 
TABLE 4.6 List of logic, switch and impedance.........................................................60 
TABLE 4.7 S-Parameter measurement results of serial six-port junction...................63 
TABLE 4.8 S-Parameter measurement results of parallel six-port junction ...............63 
TABLE 4.9 Steady state S65 measurement results.......................................................68 
TABLE 4.10 Dynamic state S65 measurement results................................................72 
TABLE 5.1 16-QAM Output voltage vector ...............................................................81 
TABLE 5.2 Combination value of reflection coefficient ............................................82 
TABLE 5.3 16-QAM Signal mapping in general........................................................82 
TABLE 5.4 Vector of 16-QAM constellation from simulation...................................86 
 
VII 
List of Figures 
FIG. 1.1.  SERIAL AND PARALLEL SIX-PORT MODULATOR STRUCTURE.............................4 
FIG. 2.1.  QUADRATURE HYBRID ...................................................................................13 
FIG. 2.2.  WILKINSON DIVIDER ......................................................................................14 
FIG. 2.3.  SERIAL SIX-PORT JUNCTION FOR S-PARAMETER ANALYSIS.............................15 
FIG. 2.4.  SERIAL SIX-PORT JUNCTION SIMULATION.......................................................18 
FIG. 2.5.  PARALLEL SIX-PORT JUNCTION WITH NOTIFICATION ......................................19 
FIG. 2.6.  PARALLEL SIX-PORT JUNCTION SIMULATION..................................................23 
FIG. 3.1.  IQ OFFSET CONSTELLATION USING NON-IDEAL TERMINATION........................34 
FIG. 3.2.  IQ MODULATOR STRUCTURE ..........................................................................37 
FIG. 3.3.  SIX-PORT QPSK MODULATOR OUTPUT CONSTELLATION ...............................41 
FIG. 3.4.  ADS SIMULATION DESIGN FOR SIX-PORT QPSK MODULATORS......................42 
FIG. 3.5.  ADS SIMULATION DESIGN FOR SERIAL SIX-PORT MODULATOR.......................43 
FIG. 3.6.  ADS SIMULATION DESIGN FOR PARALLEL SIX-PORT MODULATOR .................44 
FIG. 3.7.  CONSTELLATION ROTATION OF SERIAL SIX-PORT MODULATOR ......................45 
FIG. 3.8.  CONVERSION EFFICIENCY VERSUS α2+ β2 ......................................................49 
FIG. 3.9.  CONVERSION EFFICIENCY ILLUSTRATION IN 3D .............................................49 
FIG. 4.1.  SIX-PORT MODULATOR EVM MEASUREMENT SETUP......................................53 
FIG. 4.2.  QS2-05-463/2 PIN CONFIGURATION ...............................................................55 
FIG. 4.3.  ZASWA-2-50DR ELECTRICAL SCHEMATIC ..................................................56 
FIG. 4.4.  TERMINATION PCB DESIGN DRAWING ...........................................................58 
FIG. 4.5.  FABRICATED TERMINATIONS OF OPEN, SHORT AND 45O STUB.........................58 
FIG. 4.6.  EXPERIMENTAL SERIAL SIX-PORT JUNCTION ..................................................60 
VIII 
FIG. 4.7.  EXPERIMENTAL PARALLEL SIX-PORT JUNCTION .............................................61 
FIG. 4.8.  MEASURED S PARAMETER OF SERIAL SIX-PORT JUNCTION .............................62 
FIG. 4.9.  MEASURED S PARAMETER OF PARALLEL SIX-PORT JUNCTION ........................63 
FIG. 4.10.  STEADY STATE TRANSFER FUNCTION MEASUREMENT ..................................66 
FIG. 4.11.  SERIAL MODULATOR PHASE ROTATION IN STEADY.......................................69 
FIG. 4.12.  PARALLEL MODULATOR PHASE ROTATION IN STEADY..................................70 
FIG. 4.13.  DYNAMIC STATE TRANSFER FUNCTION MEASUREMENT................................71 
FIG. 4.14.  MEASURED CONSTELLATIONS OF SIX-PORT QPSK MODULATOR..................72 
FIG. 4.15.  NO GRAY MAPPING FEATURE IN SERIAL MODULATOR..................................73 
FIG. 4.16.  GRAY MAPPING FEATURE IN PARALLEL MODULATOR...................................74 
FIG. 4.17.  CARRIER LEAKAGE OF PARALLEL SIX-PORT QPSK MODULATOR .................75 
FIG. 4.18.  EQUIPMENT CONNECTION FOR MEASUREMENT SETUP ..................................76 
FIG. 4.19.  EXPERIMENTAL PARALLEL SIX-PORT QPSK MODULATOR ...........................76 
FIG. 5.1.  SIX-PORT 16-QAM MODULATOR ...................................................................80 
FIG. 5.2.  SIX-PORT 16-QAM SIMULATION CIRCUIT ......................................................85 
FIG. 5.3.  IQ TRAJECTORIES OF 16-QAM MODULATOR SIMULATION RESULT ................86 
FIG. 5.4.  16-QAM MODULATOR TEST SETUP ................................................................88 
FIG. 5.5.  PCB LAYOUT OF TTL CONVERTER ................................................................89 
FIG. 5.6  MEASURED 16-QAM MODULATION CONSTELLATION.....................................90 
FIG. 5.7.  EVM VARIATION VS. LO POWER...................................................................91 
 
IX 
List of Symbols 
 
an  Incident wave (n=1, 2, …, 6) in six-port junction 
a’n  Incident wave for interconnection 
bn  Reflected wave (n=1, 2, …, 6) in six-port junction 
b’n  Reflected wave for interconnection 
H  Isolation between LO IN port and RF OUT port 
IDC  DC offset in in-phase (I) channel 
I(t)  Base band signal in I channel 
L  Magnitude of carrier leakage 
LRMS  Root mean square magnitude of carrier leakage 
P  Power of modulation signal 
Pin  Input power in the port of LO IN  
Pleakage  Power of carrier leakage 
QDC  DC offset in quadrature-phase (Q) channel 
Q(t)  Base band signal in Q channel 
n  Port number  
S  S parameter matrix 
S(t)  RF output signal from an IQ modulator 
t  Time 
U  Signal states in constellation 
Un  Position of signal state 
UOFFSET  Magnitude of constellation offset 
X 
Vin  Peak magnitude of LO input signal 
Vn-  Magnitude of reflected voltage wave from port n 
Vn+  Magnitude of incident voltage wave on port n 
Vout  RF output voltage 
V_Iout  RF output voltage in I channel 
V_Qout  RF output voltage in Q channel 
VTn-  Magnitude of reflected voltage wave from non ideal port n 
VTn+  Magnitude of incident voltage wave on non ideal port n 
Z  Termination impedance 
Zo  System impedance 
α  Real part of reflection coefficient 
β  Imaginary part of reflection coefficient 
Γ  Reflection coefficient of termination 
Γ45   Reflection coefficient of ideal 45o shorted transmission line 
ΓI   Reflection coefficient of termination in in-phase channel 
Γn   Reflection coefficient in port n termination 
ΓOFF   Reflection coefficient when termination is in OFF status 
ΓOFF_I   Reflection coefficient when I path termination is in OFF status 
ΓOFF_Q   Reflection coefficient when Q path termination is in OFF status 
ΓON   Reflection coefficient when termination is in ON status 
ΓON_I   Reflection coefficient when I path termination is in ON status 
ΓON_Q   Reflection coefficient when Q path termination is in ON status 
ΓQ   Reflection coefficient in quadrature-phase channel 
η   Conversion efficiency 
XI 
ηmax   Maximum conversion efficiency 
ωc(t)   carrier frequency in radian 
XII 
List of Contributions 
1. B. Luo and Michael Y.W. Chia, “Analysis and Performance of Serial and 
Parallel Six-port Modulators,” IEEE Transactions on Microwave Theory and 
Techniques, ISSN 0018-9480, Volume 56, Number 9, September 2008, 
pp.2062-2068 
2. B. Luo and M.Y.W. Chia, “Direct 16 QAM six-port modulator,” IET 




Chapter 1  
INTRODUCTION  
 
1.1 Research background 
Microwave modulation scheme can be broadly divided into two types: direct 
modulation and external modulation [4]. Direct modulation uses a variable frequency 
or amplitude oscillator to form the modulated signal so there is no carrier leakage 
problem in the circuits. External modulation requires a fixed oscillator to inject carrier 
signal into an external modulator. The signal from local oscillator leaks or bypass, 
through the modulator circuit to the RF output without modulation in this external 
modulation scheme. Most of QPSK modulation schemes use external modulator, so 
carrier leakage in inevitable.  
 
There are two types of external modulator. The most common form uses nonlinear 
property of the mixer, for example, double balance mixer, or Gilbert mixer etc. 
Second type of external modulator is based on wave transmission or reflection, for 
example balanced path switching modulator [5], piezoelectric transducer modulator 
[22], Fox polarization modulator [6], circulator path-length modulator [4], [7]-[10], 
and six-port modulator [11]-[17]. 
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Six-port modulator had been called “hybrid coupler path-length modulator” by 
others [11] because the phase shift used for modulation is based on different RF signal 
propagation of the hybrid coupler [7]-[11]. As compared to the circulator path-length 
modulator, the bandwidth of six-port modulator is wider because the hybrid coupler 
has a broader bandwidth. Six-port QPSK modulator has been reported in the 1970s as 
4-phase modulator by Junghans [11] and 4-PSK path-length modulator by Glance 
[13]. Such modulators have also been described as hybrid-coupler path-length 
modulator because the principle is similar to the circulator path-length modulator first 
introduced by Clemetson and others [7], [8]. Since their quadrature hybrid couplers 
are connected in series, as shown in Figure 1.1(a), we shall call this “serial six-port 
modulator”. In contrast recently, Zhao, Lim and others [14]-[18] have proposed 
another QPSK six-port modulator structure where the quadrature hybrid coupler is 
connected in parallel as shown in Figure 1.1(b). Here, we shall consider this as 
“parallel six-port modulator”. 
 
The six-port circuit was initially proposed for the measurement of microwave 
parameters. G. F. Engen gave a good discussion in [26] and [31]. The emergent wave 
amplitude and complex reflection coefficient at the output measurement plane can be 
calculated through the reading of four power meters which are connected to the six-
port junction. Six-port technology was used in reflectometer [27] and network 
analyzer [28, 29]. A number of research papers can be found in measurement from 
1970s to 1990s. Those paper reported many novel six-port junction structures, 
calibration methods and new algorithms in that time. For example, R. G. Bosisio 
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presented a coaxial six-port reflectometer using four diode detectors calibrated 
without a power ratio standard in [32].  
 
Based on those research works for measurement, the applications of six-port 
technology for communications have been proposed since year 1990.  The first six-
port application in communication can be traced in [30] which is for a digital receiver 
in millimeter wave frequencies from Prof. Ke Wu’s team in the Poly-Grames 
Research Center, Ecole Polytechnique Montreal, Canada. Following the six-port 
application in communication receiver, new application for communication 
transmitter has been recently proposed [14, 15, and 18].  
 
Carrier leakage is an important specification for the modulator in a transmitter. 
The carrier signal from local oscillator (LO) which leaks to the RF output of a 
transmitter creates an undesirable degradation in signal constellation [1], loss in 
desired RF power and causes unnecessary interference to the receiver, especially in 
direct sequence spread spectrum systems [2]. This problem is commonly encountered 




Fig. 1.1.  Serial and parallel six-port modulator structures 
 
QPSK modulation requires differential encoding to avoid phase ambiguity when 
performing carrier and baud tracking [23]. In the QPSK modulated waveform, the 
information of the signal is the instantaneous phase represented by I and Q. A fading 
component would affect amplitude both of I and Q, causing phase rotation in the 
receiver. Gray code-mapping for differential encoded QPSK can minimize the effect 
 


























on the phase rotation. This is more effective in flat Rayleigh channels, where the 
variation due to fading is very slow compared to the duration of the symbols, the 
phase perturbation can be considered constant when differencing the phase of two 
consecutive signals. Therefore, signal constellations with Gray mapping, is highly 
desired for QPSK modulator to reduce the bit error probability for communication 
system [3]. But the effects of carrier leakage, Gray mapping, and conversion 
efficiency, which are important parameters in designing wireless transmitters, have 
not been reported in the earlier works of six-port modulation.  
 
In addition, we have also proposed a new 16-QAM modulator structure using 
parallel six-port junction to enhance the data rate. 16-QAM modulation has higher 
spectrum efficiency than others, such as Frequency-Shift Keying (FSK), Binary Phase 
Shift Keying (BPSK) or Quadrature Phase Shift Keying (QPSK) modulations. 
Traditional 16-QAM modulator uses double balanced mixers for up-conversion. 
Passive double balance mixer requires high LO driving power to operate because of 
the diode conduction voltage, e.g. +7dBm or +13 dBm. The modulation performance 
becomes worse when LO power is reduced from the required specifications. Six-port 
modulator overcomes such LO power variation problem because the modulation 
components are fully passive.  
 
Y. Zhao and others [14], [15] have proposed a six-port modulator for QPSK 
modulation. H.S. Lim [18] proposed a compact QPSK six-port modulator for a time 
division duplex system. To the best of our knowledge, works on six-port 16-QAM 
modulator had not been reported. In this dissertation we will present the design, 
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simulation and measurement results of a novel 16-QAM six-port modulator [25]. 
These results show that it has the advantages of wide dynamic range, low cost and 
low power consumption. 
 
1.2 Contributions 
The first contribution of this thesis is to derive the transfer functions of the serial 
and parallel six-port QPSK modulators for studying the performances of carrier 
leakage, Gray mapping and conversion efficiencies [24]. The analysis shows that the 
carrier leakage is minimized when the reflection coefficient of SHORT termination is 
equal to the reflection coefficient of OPEN termination of a six-port modulator, i.e. 
ΓON=-ΓOFF, for QPSK modulation. In addition, the derivation reveals that only the 
parallel six-port QPSK modulator demonstrates Gray mapping, with all the adjacent 
labels differ by exactly one-bit position. But this feature is missing in the serial 
modulator. Therefore the parallel modulator has inherently better bit error probability 
than the serial modulator. This analysis further proves that the serial and parallel 
modulators give a maximum conversion efficiency of 100% and 50% respectively. 
But the efficiency of the serial modulator deteriorates faster than parallel modulator 
when the terminations are not ideal. This research work has evaluated and shown that 
the serial modulator requires tighter design tolerances due to its cascaded topology. 
Our theoretical and measured results show good agreements with the six-port QPSK 
modulators developed for 4.2GHz. 
 
The second contribution is to analyze, design and build a novel 16 Quadrature 
amplitude modulation (QAM) modulator[25] to increase the data rate.  Additional 
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terminations are required for 16-QAM. A microwave prototype was developed to 
validate the 16-QAM modulation up to 200Mbps data rate at 4.2GHz carrier 
frequency. The measured results of the error vector magnitude (EVM) and  local 
oscillator (LO) power show our parallel six-port 16-QAM modulator has a wide 
dynamic range capability to overcome the LO power variation. This 16-QAM 
modulator is potentially low cost and consumes low power for RF communications 
applications. 
 
The contributions in the thesis have been published in the following journal  
papers: 
[1] B. Luo and Michael Y.W. Chia, “Analysis and Performance of Serial and 
Parallel Six-port Modulators,” IEEE Transactions on Microwave Theory and 
Techniques, ISSN 0018-9480, Volume 56, Number 9, September 2008, 
pp.2062-2068 
[2] B. Luo and M.Y.W. Chia, “Direct 16 QAM six-port modulator,”  Electronics 
Letters, IET, Volume: 44, No. 15, 17 July 2008, pp. 910-911 
 
1.3 Dissertation organization 
In this dissertation, we have first derived the modulation transfer functions for 
analyzing the serial and parallel six-port modulators in Chapter 2. The S parameters of 
a serial six-port junction [11] and parallel six-port junction [14] were formulated.  
These were used for deriving the transfer functions of the QPSK modulators with 
modulated reflection coefficients. The derivation here provides a link between the 
modulated reflection coefficient of each termination and the baseband or information 
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signal.  Our analysis has revealed certain relationships between the modulated 
reflection coefficients of each structure. The modulated reflection coefficient of the I 
channel is multiplied by those from the Q channel in the serial QPSK modulator, due 
to its cascaded topology. But these reflection coefficients are added in the parallel 
QPSK modulator.  Hence, this will allow the parallel modulator to extend the design 
to higher modulation scheme such as QAM. 
 
Based on these transfer functions, an in-depth analysis of the carrier leakage, Gray 
mapping and conversion efficiencies of six-port QPSK modulators were provided in 
Chapter 3. In this chapter, our theoretical model reveals the condition for minimizing 
the carrier leakage for six-port QPSK modulators, i.e. ΓON=-ΓOFF. In addition, the 
analysis here reveals that only the parallel six-port QPSK modulator demonstrates the 
property of Gray mapping. But the phase mapping of serial six-port modulator lacks 
this feature. This analysis further proves that the serial and parallel modulators give a 
maximum conversion efficiency of 100% and 50% respectively. But the efficiency of 
the serial modulator deteriorates faster than parallel modulator when the terminations 
are not ideal. This analysis also shows that the serial modulator requires tighter design 
tolerances due to its cascaded topology. 
 
In Chapter 4, we will discuss the design of our serial and parallel six-port 
modulators and measurement set up at 4.2 GHz. The first experiment was to verify the 
transfer functions of both six-port modulators. The S-parameters obtained using 
steady and dynamic reflection coefficients of both serial and parallel six-port 
modulator were compared. Next, the unique Gray mapping of parallel six-port QPSK 
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modulator were validated. Finally, the carrier leakage was evaluated. Generally, the 
measured results agree with the theoretical predictions. 
 
In Chapter 5, a novel 16-QAM modulator has been proposed to increase the data 
rate. Six-port 16-QAM modulator has been analyzed using the transfer function 
derived in previous chapters and validated with measurements. The choice and design 
of the modulated reflection coefficient is the key to our 16-QAM modulation. 
 
Finally, the conclusions of the dissertation and a proposed future work are 






OF SIX-PORT MODULATORS 
 
In this chapter, we will derive the modulation transfer functions for both serial and 
parallel six-port modulators. The structure of the serial six-port junction is based on 
Junghan’s [11] and parallel six-port junction is from Zhao’s [14]. An analytical model 
is proposed to describe the transfer function based on the reflection coefficients of its 
terminals. It is expected that the modulated signal is caused by the combined 
reflections from the dynamic terminations of six-port junctions. These terminations 
are controlled by the baseband signal through RF switches. Hence the derivation of 
the transfer function provides a link between the reflection coefficients at the 
termination controlled by the baseband signal. 
 
2.1 Six-port junction 
Figure 1.1 describes the fundamental structures of the serial and parallel six-port 
modulators with LO input at port 5 and RF modulation output at port 6. The former 
includes two 3 dB quadrature couplers connected in series, four RF switches, four 
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SHORT terminations, two 90o terminations and two 45o terminations. The parallel 
modulator consists of one 3 dB power divider, three quadrature couplers (two of 
which are connected in parallel), four RF switches, four 90o terminations and four 
SHORT terminations.  
 
The RF output from port 6 is derived from a series connection of two quadrature 
hybrids for the serial modulator as shown in Figure 1.1a. But the two quadrature 
hybrids are connected in parallel in the parallel modulator. RF switches inherently 
have imperfect ON-OFF characteristic at microwave frequency. For convenience, the 
switch together with its termination is considered as a single unit. Hereafter, this unit 
is termed as termination in this thesis. The term non-ideal termination includes both 
non-ideal switch cum terminations. 
 
For both serial and parallel six-port modulator, the reflection coefficients of non-
ideal terminations are represented as Γn (n is the port number shown in Figure 1.1, and 
n=1, 2, 3, 4) where port 1 and port 2 are used for input I (In-phase) and port 3 and port 
4 for input Q (Quadrature phase) of baseband signal. In the ideal case, Γn = -1 when 
termination is a SHORT load. Γn = +1 when termination is an ideal OPEN load. In 
microwave circuits, OPEN termination can be realized by a quarter wavelength 
transmission line with SHORT termination, or by a 90o phase shifter with SHORT 
termination. If the transmission line is one-eighth of the wavelength or with 45o phase 
shift with SHORT termination, the reflection coefficient Γn =+i, where i is an 
imaginary number. Table 2.1 gives some common terminations and their reflection 
coefficients which can be used in a six-port modulator.  
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It is obvious that time delay in six-port junction will affect reflection coefficient at 
the termination in microwave frequency because the wavelength of operating 
frequency is comparable with the physical dimension of component. To analyze six-
port modulators, we also have to define the time delay of RF components such as 
quadrature hybrid and Wilkinson divider etc. Here we have adopted the delay 
convention in [19] for Wilkinson power divider and quadrature hybrids and ignored 




REFLECTION OF DIFFERENT TERMINATION 
 
 
A schematic of the quadrature hybrid is shown in Figure 2.1. There is 3 dB 
coupling with a 90o phase difference in the outputs of the through and coupled arms. 
Port 1 is for input RF signal, port 2 and port 3 are outputs with 90o phase difference 
and 3 dB attenuation from port 1. Port 4 is isolated from port 1. 
 
 
No. Termination to Ground Reflection Coefficient 
1 Γon ( idea short) 
For parallel & serial modulator 
-1 
2 Γoff( ideal open)  
or  90o  shorted transmission line 
for the parallel modulator and 
 Q channel of the serial modulator 
1 
3 Γ45  ( ideal  45o shorted  
transmission line) for I channel of 




Fig. 2.1.  Quadrature hybrid 
 






















S   (2.1) 
 
Assume a’n (n=1, 2, 3, 4, where n is the port number of quadrature hybrid in 
Figure 2.1.) is the incident wave of quadrature hybrid and b’n (n=1, 2, 3, 4) is the 
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A Wilkinson 3 dB power divider is shown in Figure 2.2. Port 1 is RF signal input 













Fig. 2.2.  Wilkinson divider 
 




1 1 0 0
2 1 0 0
S i
⎡ ⎤⎢ ⎥= − ⎢ ⎥⎢ ⎥⎣ ⎦
  (2.3) 
 
Assume a’n (n=1, 2, 3, where n is the port number of Wilkinson divider in Figure 
2.2.) is the incident wave of power divider and b’n (n=1,2,3) is the reflected wave of 
power divider, we have [19] equation (2.4). 
 
1 1 2 3
2 2 1
3 3 1
' 0 1 1 ' ' '
1 1' 1 0 0 ' '
2 2' 1 0 0 ' '
b a a a
b i a i a
b a a
+⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥= − = −⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦
   (2.4) 
 
2.2 S parameter of serial six-port junction 
To analyze the S parameter of the serial six-port junction, we have to identify the 
connection between cascaded 4-port hybrid coupler as shown in Figure 2.3. The port 
number n of connection point is consistency in this figure and the following 
equations. P1 is input port and P8 is output port. P2, P3, P6, and P7 are connected to 









wave of each hybrid and b’n (n=1,2,…8) represented the reflected wave of hybrid to 
derive equation (2.5) and (2.6). 
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Since in matched condition,  
 
4 5' 'b a= and 5 4' 'b a=         (2.7) 
i.e.,  
( )5 2 31' ' '2a a ia= − +  and ( )4 7 6
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⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥
    (2.9) 
 
Remove the interconnection P4 and P5 in Figure 2.3 and rearrange the port 
number sequence following the numbering shown in Figure 2.4. Again, assuming an 
(n=1,2,…6) as the incident wave and bn (n=1,2,…5) as the reflected wave. Equation 










































































































































































































































































  (2.11) 
 


































SerialS    (2.12)  
 
A simulation has been done to verify this calculation result using commercial 
Electronic Design Automatic (EDA) software, Agilent ADS tools. Figure 2.4 shows 
schematic design of the serial six-port junction in ADS. Simulation frequency is at 1 
GHz and the signal source is single frequency point. Table 2.2 gives the ADS 
simulation results. In this table, SXY is the S-parameter simulation result, where X is 
the number of row and Y is the number of column. This simulated results agree with 




Fig. 2.4.  Serial six-port junction simulation 
 
TABLE 2.2 




2.3 S parameter of parallel six-port junction 
The structure of parallel six-port junction is more complex than the serial six-port 
junction as shown  in Figure 2.5. 




























































































































Fig. 2.5.  Parallel six-port junction with notification 
 
We use a’n (n=1, 2, … 15) as the incident wave of each hybrid and b’n 
(n=1,2,…15) as the reflected wave of hybrid. The signal transmission can be 
expressed as:  
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  (2.15) 
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b i a a= − =     (2.18) 
( )9 11 6 141' ' ' '2b a ia a= − + =    (2.19) 
( )10 6 11 151' ' ' '2b a ia a= − + =    (2.20) 
( )12 4 3 71' ' ' '2b a ia a= − + =    (2.21)  
( )13 2 1 81' ' ' '2b a ia a= − + =    (2.22)  
( )14 3 4 91' ' ' '2b a ia a= − + =    (2.23)  
( )15 1 2 101' ' ' '2b a ia a= − + =    (2.24)  
 
Therefore, the relationship between input and output signal in this parallel six-port 
junction can be expressed as:  
 
21 
( ) ( )1 6 11 5 5 6 111 1 1 1' ' ' ' ' ' '22 2 2b a ia a a a ia
⎛ ⎞= − − + + = − − −⎜ ⎟⎝ ⎠  (2.25) 
( ) ( )2 5 6 11 5 6 111 1 1 1' ' ' ' ' ' '22 2 2b i a i a ia ia ia a
⎛ ⎞= − − − + = − − − +⎜ ⎟⎝ ⎠  (2.26) 
( ) ( )3 11 6 5 5 6 111 1 1 1' ' ' ' ' ' '22 2 2b a ia a a ia a
⎛ ⎞= − − + + = − − −⎜ ⎟⎝ ⎠  (2.27) 
( ) ( )4 5 11 6 5 6 111 1 1 1' ' ' ' ' ' '22 2 2b i a i a ia ia a ia
⎛ ⎞= − − − + = − − + −⎜ ⎟⎝ ⎠  (2.28) 
( ) ( ) ( )5 4 3 2 1 1 2 3 41 1 1 1' ' ' ' ' ' ' ' '22 2 2b i a ia a ia a ia a ia
⎛ ⎞= − − + − + = − − + −⎜ ⎟⎝ ⎠ (2.29) 
( ) ( ) ( )6 1 2 3 4 1 2 3 41 1 1 1' ' ' ' ' ' ' ' '22 2 2b a ia i a ia a ia ia a































































































  (2.31)  
 












































































































































Parallel   (2.32) 
 
































ParallelS    (2.33) 
 
A simulation has been done to verify this theoretical result using Agilent ADS 
tools. Figure 2.6 shows the simulation schematic of parallel six-port junction in ADS. 
The simulation frequency is at 1 GHz and the signal source is a single frequency 
point. Table 2.3 gives the ADS simulation result for this parallel six-port junction. 
Same as the result in serial six-port S parameter simulation, SXY is the S-parameter, 
where X is the number of row and Y is the number of column. Simulation results are 
same as the calculation results from equation (2.33). Therefore, this analysis method 




Fig. 2.6.  Parallel six-port junction simulation 
 
TABLE 2.3 
SIMULATION RESULTS OF S-PARAMETER OF PARALLEL SIX-PORT JUNCTION 
 
 
2.4 Transfer function of the serial six-port modulator 
Using the S-parameters of an ideal 90-degree hybrid, the result for 6-port 
scattering matrices in serial configuration has been derived in equation (2.12). The 
relationship between the incident and reflected voltage waves, in the serial six-port 
modulator of Figure 1.1, can be represented as: 
 
SXY SX1 SX2 SX3 SX4 SX5 SX6 












S2Y -1.233E-32  
+ i0.000  
2.220E-16  




- i5.000E-6  
1.917E-17  
+ i0.500  
1.302E-16  
+ i0.500  
S3Y 1.302E-21  
+ i5.000E-6  
5.000E-6  

































S6Y 0.500  
-i9.958E-17 
1.302E-16  
+ i0.500  
1.302E-16  



































































[ ] [ ][ ]TVVVVVVSTVVVVVV ++++++=−−−−−− 654321654321   (2.34) 
 
where Vn+ is the magnitude of the voltage wave incident on port n, and Vn- is the 
voltage wave reflected from port n.  
 

































































  (2.35)  
 
















































































  (2.36) 
 
Assuming the LO IN (Port 5) and RF OUT (Port 6) ports are perfectly matched, 
i.e.  
 
inVV =+5 and 06 =+V      (2.37) 
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where Vin is the peak magnitude of LO input signal, unit is volt. The reflection 








VT , n=1, 2, 3, 4 only    (2.38) 
 
where VTn+ is the magnitude of the voltage wave incident on non-ideal 
termination n, and VTn- is the magnitude of the voltage wave reflected from non-ideal 
termination n. Obviously, the output wave from serial six-port network equals to the 
incident wave of a non-ideal termination. i.e.  
 
n nVT V
− +=  and n nVT V+ −=     (2.39) 
 
According to equation (2.38) and (2.39), we have the incident voltage in nth port 
+
nV as,  
 
−⋅Γ=+⋅Γ=−=+ nVnnVTnnVTnV , n=1, 2, 3, 4 only  (2.40) 
 
And from equation (2.36), we have 
 
3 4 62 0V iV V











− − += ΓQ  and 14 4 4V V− − += Γ    (2.43) 
 




2 3 4 3 4 4
1 1( 2 ) [ ( 1) 2 ]
2 2in in
V V iV V i V V− + + − += − + − = − Γ Γ − +   (2.45) 
 
1 2 2 iniV V V
− −− =Q     (2.46) 
 
1
1 2 3 4 4
12 [( 1) 2 ]
2in in
V iV i V V i V− − − +∴ = − − = − Γ Γ − +   (2.47) 
 
Hence, we can show that the incident voltages in port 1 and port 2 of serial six-
port network are:  
 
( )[ ]inViVVV 212 41431111 +−ΓΓΓ−=Γ= +−−+ 　   (2.48)  
 
( )[ ]inVViVV 212 4143 +−ΓΓΓ−=Γ= +−−+ 　２２２２    (2.49)  
 
From (2.35), we have 
 
( ) 14 1 2 6 1 2 4 41 12 ( )2 2V V iV i V V iV V− + + + + + − += + − = + = Γ   (2.50) 
 
( )







Γ+ΓΓ−=+   (2.51) 
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Using similar method, we can derive incident signal at port 3 of this serial six-port 
network.  
 









Γ+ΓΓ−=+     (2.53) 
 
Hence, the RF output signal of serial modulator is 
 
( ) ( )( )( )( ) inViVVV 422 4321 4321436 +Γ−ΓΓ−Γ
Γ+ΓΓ+Γ−=+−= ++−   (2.54) 
 
It is easy to choose 
 
IΓ=Γ=Γ 21  and QΓ=Γ=Γ 43      (2.55) 
 
where ΓI and ΓQ is the reflection coefficient of termination in QPSK in-phase and 
quadrature-phase channel respectively. Hence, we can simplify the serial modulator 
output as:  
 
QIinSerial VV ΓΓ−=− |6      (2.56) 
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2.5 Transfer function of the parallel six-port modulator 
Using the S-parameters of ideal 90-degree hybrid and Wilkinson divider, the 
result for 6-port scattering matrices in parallel configuration has been derived in 
equation (2.33). The relationship between the incident and reflected voltage waves 
can be represented as: 
 
[ ] [ ][ ]TVVVVVVSTVVVVVV ++++++=−−−−−− 654321654321  (2.57) 
 
where Vn+ is the magnitude of the voltage wave incident on port n of parallel six-
port network and Vn- is the voltage wave reflected from port n.  
 








































































  (2.58) 
 
Assuming it is perfect matched in LO IN (Port 5) and RF OUT port (Port 6), the 
incident wave in port 5 is equal to the LO input signal, no LO wave is reflected back 
from this port. And also only signal outputs from the RF OUT port. There is no 
reflected signal feed to RF OUT port from external load. Hence, we have inVV =+5  
and 06 =+V . 
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According to the definition of voltage reflection in microwave circuit, we have 
equation (2.59). 
 
−⋅Γ=+ nVnnV , n=1, 2, 3, 4 only   (2.59) 
 



























































































in      (2.61) 
 
From equation (2.58), the RF output signal from Port 6 (RF OUT) is 
 
( )++++− −++= 43216 21 ViViVVV     (2.62) 
 
Substitute equation (2.61) results into (2.62), the modulation signal output of 
parallel six-port modulator can be similarly expressed as:  
 
( ) ( )[ ]43216 4
1 Γ+Γ+Γ+Γ−=− iVV in    (2.63) 
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Same as in the case of serial six-port modulator circuit, it is easy to show equation 
(2.64). 
 
IΓ=Γ=Γ 21  and QΓ=Γ=Γ 43      (2.64) 
 
where ΓI and ΓQ is the reflection coefficient of termination in QPSK in-phase and 
quadrature-phase channel respectively. Hence, the RF output of the parallel six-port 
modulator becomes 
 
( )QIinParalLel iVV Γ+Γ−=− 21|6     (2.65) 
 
The transfer functions for the modulators in (2.56) and (2.65) show the relation 
between reflection coefficient at the terminated ports and RF output signal of the six-
port modulators for serial and parallel scheme. Modulated signal consists of two parts: 
in-phase and quadrature-phase parts. The reflection coefficients Γ1 and Γ2 determine 
the amplitude of in-phase part while Γ3 and Γ4 settle quadrature-part for both serial 
and parallel modulators.  
 
Equation (2.54) shows the serial modulator has to control all four terminations to 
form QPSK modulation. Since the output signal of the serial modulator is the product 
of ΓI and ΓQ in equation (2.56), it is not suitable for multi-levels modulation like 16-
QAM and 64-QAM. Parallel six-port modulator uses both in-phase part ΓI and 
quadrature-phase part ΓQ in equation (2.65), therefore it is possible to form a multi-
levels modulator. If both in-phase part (Γ1+Γ2) and quadrature-phase part (Γ3+Γ4) 
31 
have only two states, the parallel six-port modulator becomes a QPSK modulator. If 
the reflections at the terminations have multiple states, the modulation scheme can be 
QAM or other multi-level modulation. The detail discussion of 16-QAM six-port 
modulator is in Chapter 5 in this dissertation.  
 
2.6 Summary 
In summary, we have derived the modulation transfer functions for analyzing the 
serial and parallel six-port modulators in this chapter. The S parameters of a serial six-
port junction and parallel six-port junction were formulated.  These were used for 
deriving the transfer functions of the QPSK modulators with modulated reflection 
coefficients. The derivation here provides a link between the modulated reflection 
coefficient of each termination and the baseband or information signal.  Our analysis 
has revealed certain relationships between the modulated reflection coefficients of 
each structure. The modulated reflection coefficient of the I channel is multiplied by 
those from the Q channel in the serial QPSK modulator, due to its cascaded topology. 
But these reflection coefficients are added in the parallel QPSK modulator.  Hence, 
this will allow the parallel modulator to extend the design to higher modulation 





PERFORMANCE ANALYSIS OF 
SIX-PORT MODULATORS 
 
Based on the transfer functions in (2.56) and (2.65), we will now further study the 
performance of the six-port modulators in this chapter. Carrier leakage is one of the 
key specifications in wireless communications. Signal constellations with Gray 
mapping, is highly desired for quadrature modulator to reduce the bit error for QPSK 
communication system. Therefore, we will also analyze the Gray mapping feature of 
serial and parallel six-port modulators in this chapter. Finally, we will discuss the 
conversion efficiency of serial and parallel six-port modulators which represents how 
much LO energy can be converted to RF output energy at the modulator output port.  
 
Our analysis will show that the carrier leakage is minimized when ΓON =-ΓOFF and 
reveal that only the parallel six-port QPSK modulator demonstrates Gray mapping 
feature. We further prove that the serial and parallel modulators give a maximum 
conversion efficiency of 100% and 50% respectively. However, the conversion 
33 
efficiency of the serial modulator deteriorates faster than parallel modulator when the 
terminations are imperfect [24].  
 
3.1 Carrier leakage 
Carrier or local oscillator (LO) signal which leaks to the RF output of a transmitter 
will cause an undesirable degradation in the signal constellation [1], a loss in desired 
RF power and an unnecessary interference to a receiver, especially in a direct spread 
spectrum system [2]. Carrier leakage can be caused by the finite isolation between the 
input and isolation ports of a quadrature hybrid for either the serial or parallel 
modulator. A proper design of the quadrature hybrid can help to improve the isolation 
and reduce the carrier leakage. But we shall show that reflection at each termination is 
another cause for carrier leakage, a characteristic which seems to be unique to six-port 
modulators. Carrier leakage creates an offset in the constellation of the signals and are 
represented as DC components of the I and Q [20]. Figure 3.1 shows an example of 
constellation from parallel six-port modulator to illustrate the offset caused by 
reflections at the non-ideal terminations. The magnitude and phase of the offset in the 
constellation diagram is directly related to the amplitude and phase of the carrier 









U      (3.1) 
 




Fig. 3.1.  IQ offset constellation using non-ideal termination 
 
The reflection coefficients are different for the serial and parallel modulators. For 
serial six-port modulator, the reflection coefficients have the same value in ON status 
for both the I and Q channel. But in the OFF status, the reflection coefficient values 
are different. We have assigned the I & Q channel reflection coefficient as:  
 
ONSerialION Γ=Γ |_ and 45_ | Γ=Γ SerialIOFF    (3.2) 
 
ONSerialQON Γ=Γ |_  and OFFSerialQOFF Γ=Γ |_    (3.3) 
 
From the Figure 3.1 and equation (3.1), we have defined I as horizontal and Q as 









































____|   (3.5) 
 
Similarly, the reflection coefficients of a parallel six-port modulator have the 
following value:  
 
ONParallelQONParallelION Γ=Γ=Γ || __     (3.6)  
 
OFFParallelQOFFParallelIOFF Γ=Γ=Γ || __     (3.7)  
 
Using equation (2.65) and (3.4), the output signal constellation in a parallel 
































Offset in amplitude UOFFSET creates the constellation shift which is caused by the 
carrier leakage in Figure 3.1. The offset point can be represented by the centroid of 
the verticies of the constellation, which occurs at the point of intersection of the 













OFFSETU    (3.9) 
 
Hence, the offset voltages of the serial and parallel six-port modulators can be 










OFFONiinVParallelOFFSETU Γ+Γ+−=    (3.11) 
 
The carrier leakage power can be derived using an I-Q modulator model in [21] as 
illustrated in Figure 3.2.  
 
The RF output signal S(t) from an IQ modulator can be expressed as the sum of 

















Fig. 3.2.  IQ modulator structure 
 
where L is the magnitude of carrier leakage, ωc(t) is the carrier frequency, I(t) and 
Q(t) are the In-phase and Quadrature-phase baseband signal.  
 


















































   (3.14) 
 
In equation (3.13) and (3.14), the DC offset is L
2
1  in both I and Q channels. i.e.  
 
LQI DCDC 2
1==     (3.15) 
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⎛   (3.16) 
 
Hence, the relationship between offset constellation point Uoffset and magnitude of 
carrier leakage L can be expressed as:  
 
OFFSETUL 2=      (3.17)  
 




RMSL =      (3.18)  
 
The carrier leakage power P is:  
 











===   (3.19)  
 
where Zo is impedance of system. The isolation, H, between ports LO IN and RF 












PH ==     .(3.20)  
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According to (3.10) and (3.11), we can derive the isolation, H, for the serial and 




















H    (3.22)  
 
The equation (3.21) and (3.22) show that the carrier leakage reaches the minimum 
for the serial and parallel six-port modulators when the reflections have following 
relation:  
 
ΓON = -ΓOFF.     (3.23)  
 
This is important for selecting the impedance of the terminations to eliminate the 
carrier leakage when designing the serial and parallel six-port modulators. In the ideal 
case, the termination has perfect OPEN or SHORT impedance, i.e. ΓON = -1, ΓOFF 
=+1 and Γ45 =+i. Hence, the equation (3.21) and (3.22) show that there is infinite 
isolation, H=∞, for both serial and parallel six-port modulators, assuming negligible 
isolation in the quadrature hybrids.  
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3.2 Gray Mapping 
Gray mapping is used to reduce phase ambiguity in QPSK modulation scheme. It 
maps the natural constellations to a new set of values such that all the adjacent labels 
differ by exactly one bit position. With the Gray labeling, the demodulated bit error 
rate will then be asymptotically equal to the symbol error rate. To analyze the phase 
mapping of six-port modulators, we need to calculate the constellation point of the 
modulated signal. Equation (3.5) and (3.8) illustrate the constellation points of the 


























1|   (3.25)  
 
According to Table 2.1, ΓON=-1 when the switch is at the ‘ON’ status, i.e. the 
baseband control signal is at the logic level ‘0’. ΓOFF=+1 and Γ45= +i are the ideal 
cases when the switch is at the ‘OFF’ status，i.e. the baseband control signal is at the 
logic level ‘1’. Hence, the signal status in equation (3.1) can be represented by the 
logic constellation points. Equation (3.26) and (3.27) are represented the logic status 



















U Parallel     (3.27)  
 
Using the ideal reflection values in Table 2.1, the constellation points of serial and 






















1|    (3.29)  
 
Assuming the value of Vin is one, it is easy to illustrate the calculated constellation 
points and the phase mapping of I and Q for serial and parallel six-port modulators in 
Figure 3.3. X-axis represents the real number in equation (3.28) and (3.29). Y-axis is 
the imaginary part of the above equations. For example the point 1+i of parallel six-
port modulator can be labeled as a point with distance 2  and phase 450 in Figure 
3.3. 
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These results of Gray mapping are in agreement with the simulated results 
obtained from commercial software, Agilent ADS. Figure 3.4 shows the ADS 
simulation set-up for Gray mapping of serial and parallel six-port modulators. 
P_1Tone is a single frequency power source. It provides local oscillator signal LO_IN 
for six-port modulator block IQ_mod_ckt (X1). This six-port modulator block can 
represent the serial or parallel six-port structure. SRC1 and SRC2 are pseudo random 
pulse train voltage-source. They provide the I channel and Q baseband signal for six-
port QPSK modulator. The setting of Maximum voltage level Vhigh and Minimum 
voltage level Vlow of SRC1 and SRC2 can be found in Table 3.1.  
 
 




























































BASEBAND SOURCE SETTING FOR GRAY MAPPING VERIFICATION 
 
 
The circuit inside the simulated six-port modulator block X1 is either the serial or 
parallel six-port modulator. Figure 3.5 and Figure 3.6 illustrate the design 
respectively.  
 





























































Point Iin Qin Vlow Vhigh Vlow Vhigh 
U00 0 0 0 0 0 0 
U01 0 1 0 0 5 5 
U10 1 0 5 5 0 0 




Fig. 3.6.  ADS simulation design for parallel six-port modulator 
 
Parallel six-port modulator is a symmetric structure for the transmission path of I 
channel and Q channel while serial six-port modulator is asymmetric. From the ADS 
simulation, we can see that the constellation of the parallel six-port modulator does 
not rotate when the length of transmission path of I channel equals to the length of 




















































































transmission path of Q channel. But the constellation will rotate if the length of 
transmission line between port 7 to port 8 (in Figure 1.1a) is not zero in serial six-port 
modulator. The rotation in the constellation is proportional to the length of 
transmission path between port 7 and port 8. Figure 3.7 shows this relationship 
between constellation rotation and transmission path length for the serial six-port 
modulator. X-axis represents the electrical length of transmission path between port 7 
and port 8. Y-axis is the phase rotation of constellation point. Hence, the constellation 
rotation can be avoided after proper circuit design in parallel six-port modulator but it 
is impossible to avoid phase rotation in serial six-port modulator since the physical 
length of transmission path between port 7 and port 8 can not be zero. 
 
Fig. 3.7.  Constellation rotation of serial six-port modulator 
 
The output I and Q trajectories of serial and parallel six-port modulator have been 
shown in Figure 3.3. It is easy to see that phase mapping of the serial modulator is 
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leads to poorer bit-error-rate performance. Compare to the serial modulator, any 
adjacent constellation point from parallel modulator differs in exactly one bit position. 
Therefore the parallel modulator shows the property of Gray mapping which gives a 
better bit-error-rate performance than the serial six-port modulator.  
 
3.3 Conversion efficiency 
The conversion efficiency η of modulator is defined as ratio of RF output power 





P=η      (3.30)  
 
The transfer function in equation (2.56) shows the serial modulator has to control 
all four terminations to generate QPSK modulation. But the transfer function of the 
parallel modulator in equation (2.65) shows that is not compulsory to use all four 
terminations to achieve QPSK modulation. Either Γ1 or Γ2 for in-phase part and 
either Γ3 or Γ4 for quadrature-phase part are sufficient, and the rest to matched load. 
For simplicity, we will assume that four terminations connected to Port 1 to Port 4 of 
six-port modulator have the same reflection coefficient, for example, all the 
terminations are switched to ON state. i.e. Γ=ΓON.  
 
Assuming 
βα iON +=Γ      (3.31)  
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From equation (3.24) and (3.25) we can see that the modulation amplitude reaches 
maximum when all terminations are in ideal “SHORT” status or in ideal “OPEN” 
status. For example, the RF OUT signals of serial and parallel six-port modulator can 
be expressed in equation (3.32) and (3.33) when all terminations are Γ=ΓON using 
equation (2.56) and (2.65) respectively. 
 
( )( ) ( )( )22max6 2| βααββαβα −−−=++−=− iViiVV ininserial  (3.32)  
 
( ) ( )( )












  (3.33)  
 
The maximum power of the modulated signal for serial and parallel six-port 




























P inparallel   (3.35)  
 
where Z0 is the system impedance.  





P inINLO = . Hence, the 
maximum conversion efficiency of serial and parallel six-port modulator can be 














|max =+= βαη Parallel     (3.37)  
 
Eqn. (3.36) and (3.37) show the ideal serial modulator has higher conversion 
efficiency than parallel modulator. It is possible to reach 100% conversion efficiency 
for the serial modulator while parallel six-port modulator can only achieve maximum 
50% conversion efficiency. Conversion efficiency of the serial six-port modulator 
also reduces much faster than efficiency of parallel modulator. Figure 3.8 shows the 
relation of conversion efficiency η and reflection coefficient Γ ( Γ is expressed as real 
part (α) and imaginary part (β) ) at the termination. The conversion efficiency of the 
serial modulator is less than the parallel modulator when α2+β2 ≤0.5.  
 
Figure 3.9 gives a more detailed illustration in 3D diagram. In this diagram, Real 
axis is the real part α of reflection and Img axis is imaginary part β. It shows the drop 
trend with reflection coefficient real part (α) and imaginary part (β). 





Fig. 3.8.  Conversion efficiency versus α2+ β2 
 
 
Fig. 3.9.  Conversion efficiency illustration in 3D 
 
3.4 Summary 
In summary, based on the transfer functions, an in-depth analysis of the carrier 
leakage, Gray mapping and conversion efficiencies of six-port QPSK modulators 
 



























were provided in this chapter. Our theoretical model reveals the condition for  
minimizing the  carrier leakage for six-port QPSK modulators, i.e. ΓON=-ΓOFF . In 
addition, the analysis here reveals that only the parallel six-port QPSK modulator 
demonstrates the property of Gray mapping. But the phase mapping of serial six-port 
modulator lacks this feature. This analysis further proves that the serial and parallel 
modulators give a maximum conversion efficiency of 100% and 50% respectively. 
But the efficiency of the serial modulator deteriorates faster than parallel modulator 
when the terminations are not ideal. This analysis also shows that the serial modulator 





TEST SET UP AND 
MEASUREMENT RESULTS 
 
A set of serial and parallel six-port modulators were developed to validate the 
analysis of Chapter 2 and 3. The first experiment was to verify the S parameter of six-
port junction, and transfer function of the six-port modulators. Next, we will validate 
the Gray mapping, carrier leakage. Finally we will measure the error vector 
magnitude (EVM) of the serial and parallel six-port modulators.  
 
We have measured the results of the transfer function, S65, in the steady state for 
the serial and parallel modulators using the VNA at 4.2 GHz. In summary:  
• The average amplitude error is only 0.42dB for the serial modulator and 
0.71dB for the parallel modulator.  
• The overall phase rotation is 94.81o for the serial modulator and is -96.81o for 
the parallel modulator. The overall phase rotation may be caused by the 
connecting cable, interconnections between six-port junctions and ideal model 
of the six-port junctions.  
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• After compensating of the phase rotation, the average phase error is 8.86o for 
serial modulator and 4.24o for parallel modulator. Generally, good agreements 
between the theory and measurements are observed. 
• Our measured S parameters for the other four ports(1,2,3,4) have shown good 
agreements in magnitude but some discrepancies in the phases, as compared to 
the theoretical model. This is mainly attributed to the ideal modeling of the 
hybrid couplers, power dividers, etc, which has ignored the cable connections. 
Better results may be obtained by considering the electromagnetic modeling of 
the six ports junction.  
 
The measured results for S65 were also obtained in the dynamic state using six-
port modulators switching at the QPSK symbol rate of 10MHz. These measurements 
have been performed using the Vector Signal Analyzer (VSA), which was used to 
down-convert the modulated RF signal from the six ports modulator. We have found 
that:  
• The average magnitude difference between theory and measurement is 1.02dB 
and 1.03 dB for the serial and parallel modulator respectively.   
• The overall phase rotation is -54.72o for the serial and -4.36o for the parallel 
modulator respectively. Due to the internal specifications of the VSA, the 
measured constellation of serial modulator has been rotated by 45 o.  
• After compensating for the overall phase rotation in the measured results, the 
average phase error is 9.45o for the serial modulator and 4.85o for the parallel 
modulator respectively. Good agreements between the theory and 
measurements are observed.  
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The six-port modulator test-setup is shown in Fig. 4.1, using the six-port junctions 
described in Fig. 1.1. We have designed and fabricated all the terminations for the 
short, open and 45o stub. We have also used commercial broadband RF switches, 
ZASWA-2-50DR from MINICIRCUITS, quadrature hybrids, QS2-05-463/2 from 
PULSAR, and power divider, PS2-14-450/8S also from PULSAR. Only the 45o stub 
terminations are used for the serial modulator. The rest of the components are 
basically the same for the parallel modulator.  
 
 




































































































































































4.1 Components in the test set up 
The operating frequency range of power divider, PS2-14-450/8S and 90o hybrid, 
QS2-05-463/2 is from 4GHz to 8GHz. PS2-14-450/8S is a two way 0o Wilkinson 
power divider. Table 4.1 gives the specifications of the PS2-14-450/8S. QS2-05-463/2 
is a 2:1 strip line SMA 90o hybrid, with the specifications shown in Table 4.2. The 
order of the pin configuration of this 90o hybrid is different from the traditional 
quarter wavelength 90o hybrid. Figure 4.2 shows the pin configuration.  
 
TABLE 4.1 













































4.0-8.0 0.4 20 0.2 2.0 1.4:1 
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Fig. 4.2.  QS2-05-463/2 pin configuration 
 
Figure 4.3 shows the ZASWA-2-50DR, a 50Ω absorptive Single Pole Double 
Throw (SPDT) RF switch with a high isolation TTL driver. Its frequency range covers 
from DC to 5GHz. The typical insertion loss of ZASWA-2-50DR switch is 3.0 dB 
with 1 dB compression point at 19dBm. The Input-Output isolation is about 68 dB. 
The ZASWA-2-50DR switch 90% RF turn-on time and 10% RF turn-off time are 
10ns typically. That means the bit rate of six-port QPSK modulator using this switch 
is possible to reach 100Mbps in theory. After considering the bandwidth etc of the 
power divider and quadrature hybrid, bandwidth, the modulators are designed and 





Fig. 4.3.  ZASWA-2-50DR Electrical schematic 
 
The control logic of ZASWA-2-50DR switch is illustrated in Table 4.3.  
 
TABLE 4.3 




The terminations with impedance ZON, Z45 and ZOFF are designed and fabricated 
using Rogers RO4003 substrate. The parameters of RO4003 used in this design are 
shown in Table 4.4.  
RF outputs TTL 
Control 
Port 1 2 
High OFF ON 








The width and length of the transmission line are designed using Agilent LineCalc 
simulation software. The characteristic impedance of transmission line is 50 ohms is 
aligned with the impedance of other devices and measurement equipments. Table 4.5 
gives the dimension of the 50Ω transmission line at 4.2GHz. For purpose of soldering 
to the connector, a 100mil 50Ω transmission line is added on the PCB. It introduces 
about 21o phase shift at 4.2GHz frequency, which can be calibrated out by port 
extension when using the vector network analyzer (VNA) to measure the impedance.  
 
TABLE 4.5 




Figure 4.4 shows the PCB design drawing of the OPEN, SHORT and 45o 
termination. These terminations are fabricated on a 1 inch by 1 inch RO4003 
substrate. Two parallel via holes provide short path to ground for SHORT and 45o 
termination.  
























3.38 32 1 0.67 0.002 
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Fig. 4.4.  Termination PCB design drawing 
 
The fabricated terminations are illustrated in Figure 4.5, with OPEN, SHORT and 
45o delay SHORT termination from left to right respectively. The PCB layout on the 
top layer is same as the design layout and the bottom layer in Figure 4.5 shows the 
portion of transmission line short to ground.  
 
 
Fig. 4.5.  Fabricated terminations of open, short and 45o stub 
 
The impedances when the terminations are switched either “ON” or “OFF” are 
measured by Agilent E8364B Vector Network Analyzer (VNA). At 4.2GHz, the 
(a) Top layer 
(b) Bottom layer 
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impedance at the “ON” state is ZON=16.627-i0.040 Ω, for SHORT. In the OFF state, 
the impedance is Z45=32.484+i40.424 Ω for 45o short stub, ZOFF=201.43-i49.43 Ω for 







−=Γ      (4.1) 
 
where Z is the impedance ZON, ZOFF, or Z45 for the termination. Z0 is the system 
impedance 50Ω.  
 
Therefore, the reflection coefficients are  
ΓON = -0.5-i0.0003 = 0.501∠-179.9o, 
Γ45 = 0.0224+i0.479 = 0.48∠87.32 o, 
and 
ΓOFF = 0.617-i0.075 =0.622∠-6.95 o. 
 
The measured phase difference between ΓON and ΓOFF is 172.95 degree, i.e. ΓON ≈ 
-ΓOFF. This result fulfills the condition of minimizing the carrier leakage in equation 
(3.23). Table 4.6 gives a list of the logic level, switch status and termination 
impedance. For example, if the baseband signal is logic “0”, then the control voltage 
of the switch should be low, the switch is turn “ON” and controls the termination to 
SHORT. Hence, the termination gives the impedance, Zon, and reflection, Γon, 








4.2 S parameters of six-port junction measurement 
A six-port junction is in the fundamental structure of the serial and parallel six-
port modulators. The block diagram in Figure 1.1 shows the connection of the serial 
and parallel six-port junctions. The experimental serial and parallel six-port junctions 
are shown in Figure 4.6 and 4.7. The test equipment used for S parameter 
measurement of the serial and parallel six-port junctions is Agilent E8364B PNA 
series Vector Network Analyzer (VNA). The E8364B VNA can only measure four 
ports simultaneously. The remaining two ports of the six-port junction have to be 
connected to a matched 50Ω load when measuring the S parameter. This 50Ω load is 
obtained from KRYTAR company.  
 














1 High OFF OPEN ZOFF, Z45 ΓOFF, Γ45 
0 Low ON SHORT ZON ΓON 
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Fig. 4.7.  Experimental parallel six-port junction 
 
Figure 4.8 and 4.9 show the measured S-parameter values of the serial six-port 
junction and parallel six-port junction. These measured S-parameter results fulfill the 
results derived from equation (2.12) and (2.33), in Chapter 2 for the serial and parallel 
six-port junction respectively. The measured S-parameter at 4.2GHz can be found in 
Table 4.7 and Table 4.8.  
 
In the serial six-port junction according to the equation (2.12), S35, S45, S55, S65, 
and S66 are zero. The measurement results of S35, S45, S55, S65, and S66 in Table 
4.7 are 0.033∠-29.433o, 0.032∠61.014o, 0.029∠-43.8o, 0.002∠14o and 0.041∠-
39.632o respectively. The magnitudes of these measured S-parameters are near zero, 




The equation (2.33) for the parallel six-port junction shows that S35 = -0.5, S45 = 
0.5i, while S55, S65, and S66 are zero. The measurement results of S35, S45, S55, 
S65, and S66 in Table 4.8 are S35 =0.477∠-17.1o, S45 =0.494∠-108 o , S55 =0.124
∠97.4o, S65 =0.021∠-73.3o and S66 =0.073∠-74.8o. |S55| is a bit larger than the 
expected value. It can be traced  to the Wilkinson power divider which, according to 
Table 4.1, has a reflection coefficient magnitude of up to 0.17 in its specification. 
Anyway, the rest of the measured results agree well with  the expected values. We can 
see the phase difference between measured S35 and S45 is 90.9o. Hence, the 
calculated results in equation (2.33) agree with the measurement. In other words, our 
analysis of S-parameter of the six-port junctions in Chapter 2 agrees with the 
measurement results.  
 





Fig. 4.9.  Measured S parameter of parallel six-port junction  
 
TABLE 4.7 
S-PARAMETER MEASUREMENT RESULTS OF 




S-PARAMETER MEASUREMENT RESULTS OF 
PARALLEL SIX-PORT JUNCTION 
 
 
  SX1 SX2 SX3 SX4 SX5 SX6 
S1X 0.05∠-122.1O 0.091∠47.2O 0.02∠-126.4O 0.011∠-10.3O 0.471∠-17.7O 0.515∠-61.2O 
S2X 0.091∠47.2O 0.069∠30.3O 0.022∠-63.4O 0.026∠127.3O 0.492∠-108O 0.458∠27.6O 
S3X 0.02∠-126.4O 0.022∠-63.4O 0.07∠-104.4O 0.112∠63O 0.477∠-17.1O 0.49∠28.237O 
S4X 0.011∠-10.3O 0.026∠127.3O 0.112∠63O 0.046∠6.2O 0.494∠-108O 0.477∠116.9O 
S5X 0.471∠-17.7O 0.492∠-108O 0.477∠-17.1O 0.494∠-108O 0.124∠97.4O 0.021∠-73.3O 
S6X 0.515∠-61.2O 0.458∠27.6O 0.49∠28.2O 0.477∠116.9O 0.021∠-73.3O 0.073∠-74.8O 
 
  SX1 SX2 SX3 SX4 SX5 SX6 
S1X 0.043∠-25.463O 0.025∠-52.0O 0.49∠16.7O 0.471∠107O 0.714∠-21.8O 0.032∠63.153O 
S2X 0.025∠-52.0O 0.063∠-61O 0.506∠-72.8O 0.487∠17.3O 0.687∠68.9O 0.033∠-27.183O 
S3X 0.49∠16.7O 0.506∠-72.8O 0.062∠-54.8O 0.03∠-20.825O 0.033∠-29.433O 0.687∠69.554O 
S4X 0.471∠107O 0.487∠17.3O 0.03∠-20.825O 0.043∠-22.61O 0.032∠61.014O 0.714∠-20.684O 
S5X 0.714∠-21.8O 0.687∠68.9O 0.033∠-29.433O 0.032∠61.014O 0.029∠-43.8O 0.002∠14O 
S6X 0.032∠63.153O 0.033∠-27.183O 0.687∠69.554O 0.714∠-20.684O 0.002∠14O 0.041∠-39.632O 
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4.3 Transfer function measurement of six-port modulator in 
steady state 
The transfer functions of the serial and parallel six-port modulators represent the 
relationship between the input LO IN signal and output RF OUT signal. We have 
derived the transfer function equation (2.56) for serial six-port modulator and 
equation (2.65) for parallel six-port modulator in Chapter 2. Here we will verify these 
theoretical results using the experimental setup measurement. The test equipments 
used in this measurement include Agilent E8364B PNA Series four port Vector 
Network Analyzer (VNA), Rhode & Schwartz (R&S) AMIQ modulation generator. 
Agilent VNA can only measure steady state parameters such as reflection, S 
parameters of six-port modulator. Rhode & Schwartz AMIQ provides the I/Q 
baseband control signal to control the terminations of the ON-OFF states of the six-
port modulators.  
 
We have measured transfer functions under two different operating conditions of 
the switch. When the transfer function is at the steady state, the baseband signal 
pumping into modulator is either high level or low level, not changing during the 
measurement. When we are measuring the transfer function at the dynamic state, the 
baseband signal is changing dynamically as a random data, and the switching state 
changes accordingly during the measurement.  
 
In the steady state transfer function measurement, the R&S AMIQ will transmit 
out a constant logic 0 or logic 1 signal to control the switches. The steady state 
transfer function results are measured by E8364B VNA. But in the dynamic transfer 
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function measurement, R&S AMIQ will send a pseudorandom binary sequence 
PRBS23 to six-port modulator. The dynamic transfer function results are calculated 
from the results measured by Agilent 89600 VSA. The Agilent E4438C signal 
generator provides 0dBm 4.2GHz sine-wave LO signal for the serial and parallel six-
port modulators. Figure 4.10 shows the measurement setup for the steady state 
transfer function measurement.  
 
All the measurement results are captured by the VNA at 4.2GHz RF frequency. 
The transfer function in equation (2.56) and (2.65) in Chapter 2 can be expressed in 
scattering parameter S65. Table 4.9 gives the theoretical and measured results of 
transfer function S65 in steady state for serial and parallel modulators respectively. 
The theoretical/calculated S65 is based on the definition of scattering matrix in 
















Fig. 4.10.  Steady state transfer function measurement  
 
Hence, from equation (2.56), the transfer function of the serial six-port modulator 
is 
 
QISerialS ΓΓ−=|65     (4.3) 
 
And from equation (2.65), the transfer function of the parallel six-port modulator 
is 
 















































































































































The variation ∆S65 between the calculated S65 and measured S65 is also illustrated 
in Table 4.9. The equation (4.5) and (4.6) give the calculated formula. 
 
( ) ( ) ( ) MeasuredCalculated SMagSMagSMag || 656565 −=∆     (4.5) 
 
( ) ( ) ( ) MeasuredCalculated SPhaseSPhaseSPhase || 656565 −=∆   (4.6) 
 
From Table 4.9 we can see the variation in magnitude of ∆S65 between calculated 
S65 and measured S65 is small. For example, the variation of ∆S65 is from 0.4dB to 
0.45dB for the serial six-port modulator. But the phase variation of the calculated S65 
and measured S65 is quite large. For example, the phase variation ∆S65 is from 82.73o 
to 107.44o for the serial six-port modulator. This phase variation is caused by 
measurement error such as the connecting cable, interconnections between six-port 
junctions and others. The result of this phase variation is a phase rotation presented in 
QPSK constellation. This overall phase rotation has to be compensated.   
We have used the average amplitude and phase difference to represent this 
deviation of ∆S65. The average amplitude and average phase between calculation and 
measurement are defined by:  
 





∑=∆ SMagSMag     (4.7) 
 





∑=∆ SPhaseSPhase    (4.8) 
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The average magnitude variation of ∆S65 is 0.42dB for the serial modulator and 
0.71dB for the parallel modulator respectively. The average phase variation of ∆S65 is 
94.81o for the serial six-port modulator and is -96.81o for the parallel six-port 
modulator respectively. The actual phase error is differing from the average phase 
variation. It has to be compensated. QPSK constellation rotation is a good method to 
compensate this error. Figure 4.11 illustrates the QPSK constellation point, before and 
after phase compensation, of the serial six-port modulator. We have rotated 94.81o in 
the compensated diagram. Similarly, after phase compensation, the constellation 
diagram is shown in Figure 4.12 for the parallel six-port modulator. The 
compensation value -96.81o is equal to the average phase difference of ∆S65. The 
phase mapping has changed after phase compensation. 
TABLE 4.9 
STEADY STATE S65 MEASUREMENT RESULTS 
 
 
After compensation, the average amplitude difference of ∆S65 is still 0.42dB for 
the serial modulator and 0.71dB for the parallel modulator respectively. But the 
average phase difference of ∆S65 becomes 8.86o for serial and is 4.24o for parallel 
Calculated S65 Measured S65 Difference ∆S65  Compensated 
∆S65* 
I Q 
dB Deg dB Deg dB Deg dB Deg 
Serial 
0 0 -12.01 -179.79 -11.56 72.76 -0.45 107.44 -0.45 12.63
0 1 -10.13 -6.85 -10.53 -106.75 0.40 99.90 0.40 5.09
1 0 -12.38 87.42 -11.98 -1.7276 -0.40 89.15 -0.40 5.65
1 1 -10.51 -99.63 -10.95 177.63 0.44 82.73 0.44 12.07
Parallel 
0 0 -9.01 45.10 -8.53 139.00 -0.48 -93.90 -0.48 2.91
0 1 -8.53 -55.36 -8.77 49.92 0.23 -105.29 0.23 8.48
1 0 -7.48 137.00 -8.06 -131.35 0.58 -91.65 0.58 5.16
1 1 -7.13 -141.95 -8.68 -45.54 1.55 -96.41 1.55 0.40
  *: The difference between calculation and measurement results after phase compensation. 
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modulator respectively. Good agreements between theory and measurements are 
observed in this steady state transfer function measurement.  
 
 
Fig. 4.11.  Serial modulator phase rotation in steady  
 
 
4.4 Transfer function measurement in the dynamic state 
The six-port modulator transfer function has been verified by measurement results 
in steady state in the previous section. But for communication application, modulator 
always operates in the dynamic state. The data signal controlling switch of six-port 
modulator change their status according to the signal source. Hence, verification of 
























Fig. 4.12.  Parallel modulator phase rotation in steady 
 
The test equipments used in this dynamic-state transfer function measurement 
include Rhode & Schwartz (R&S) AMIQ modulation generator, Agilent E4438C 
signal generator and Agilent 89600 vector signal analyzer (VSA). Rhode & Schwartz 
AMIQ provides the I/Q base band pseudorandom binary sequence PRBS23 to the six-
port modulator. This baseband digital signal controls the terminations of the ON-OFF 
states of the six-port modulators. The Agilent E4438C signal generator provides a 
4.2GHz carrier for the LO signal at 0dBm. The RF output signal from modulator is 
analyzed by the VSA. The measurement setup of dynamic transfer function 

























Fig. 4.13.  Dynamic state transfer function measurement 
 
The Figure 4.14 shows the measured QPSK constellations using our serial and 
parallel six-port modulators when the carrier frequency is 4.2GHz and QPSK symbol 
rate is 10MHz. No filter function applies to the baseband signal. This may enlarge the 
constellation point. The measured constellation of serial modulator has been rotated 
by 45 degrees by the internal setting of the VSA.  
 
Table 4.10 gives the measurement results of the transfer function in dynamic state 
for the serial and parallel six-port modulators. The value of calculated S65 is same as 
the value in Table 4.9 because we have used the same equation (4.3) and (4.4) and the 
same terminations. Since the vector signal analyzer can not directly produce S65 










































































































































function S65. The voltage data is in complex form and it is easy to convert to S65. The 




Fig. 4.14.  Measured constellations of six-port QPSK modulator 
 
TABLE 4.10 
DYNAMIC STATE S65 MEASUREMENT RESULTS 
 
 
After compensation for this transfer function in dynamic state, the average 
amplitude difference of ∆S65 is 1.02dB for the serial modulator and 1.03 dB for the 
parallel modulator respectively. The average phase difference of ∆S65 becomes 9.44o 
 
  Serial    Parallel 
I Q Calculated S65 Measured S65 Difference ∆S65  Compensated 
∆S65* 
  dB Deg dB Deg dB Deg dB Deg 
Serial 
0 0 -12.01 -179.79 -10.97 -134.19 -1.04 -45.601 -1.04 9.11
0 1 -10.13 -6.85 -11.55 38.08 1.41 -44.941 1.41 9.77
1 0 -12.38 87.42 -11.12 148.24 -1.27 -60.819 -1.27 6.10
1 1 -10.51 -99.63 -10.88 -32.12 0.37 -67.512 0.37 12.79
Parallel 
0 0 -9.01 45.10 -7.58 45.54 -1.44 -0.443 -1.44 3.91
0 1 -8.53 -55.36 -7.91 -43.29 -0.62 -12.067 -0.62 7.70
1 0 -7.48 137.00 -8.26 135.59 0.78 1.414 0.78 5.77
1 1 -7.13 -141.95 -8.45 -135.60 1.31 -6.353 1.31 1.99
*: The difference between calculation and measurement results after phase compensation. 
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for serial and is 4.84o for parallel modulator respectively. Good agreements between 
theory and measurements are observed for this dynamic state measurement.  
 
4.5 Gray mapping, carrier leakage, and EVM measurement 
The steady and dynamic results obtained using both VNA and VSA/VSG in Table 
4.9 and 4.10 show that the parallel modulator demonstrates Gray mapping capability. 
Phase mapping in parallel six-port modulator codes the original constellation to a new 
set of values such that all the adjacent labels differ by exactly one-bit position. But 
this feature is missing in the serial modulator. Therefore the former is expected to 
have better bit error probability than the latter. Figure 4.15 and Figure 4.16 show the 
Gray mapping status for the serial and parallel six-port modulators.   
 
 






















Fig. 4.16.  Gray mapping feature in parallel modulator 
 
Based on (3.21) and (3.22), the calculated carrier isolation H are 29.57dBc and 
23.17dBc for the serial and parallel modulator respectively. The measured reflection 
coefficients at the terminations are ΓON = -0.5-i0.0003, Γ45 = 0.0224+i0.479, and ΓOFF 
= 0.617-i0.075. The measured isolation of the carrier are 29.88dBc and 24.08dBc for 
the serial and parallel six-port modulator respectively, after eliminating the cable loss. 
The errors are 0.31dB and 0.91dB for the serial and parallel modulator, showing good 
agreements between measured and theory. Figure 4.17 shows a typical measured 
spectrum of a QPSK parallel six-port modulator (before 2 dB cable loss) with carrier 
leakage at -26.077dBm.  
 
The error vector magnitude (EVM) of the parallel modulator is around 4% when 
the data rate is less than 140Mbps. But the EVM of the serial modulator is about 13 
%, relatively poor as compared to parallel modulator, as shown Figure 4.14. This 

















and (2.65) show that the cascaded couplers in the serial modulator require the product 
of the reflection coefficients. This is in contrast to the parallel modulator when the 
reflection coefficients are added. This implies that the serial modulator requires a 
stricter tolerance in its design. Hence, it has a poorer EVM performance due to 
fabrication tolerances at microwave frequency, say, 4.2 GHz. This problem may be 
minimized if implemented in RF or microwave integrated circuits designs where there 
are tighter tolerances in fabrications.  
 
 
Fig. 4.17.  Carrier leakage of parallel six-port QPSK modulator 
 
Figure 4.18 and Figure 4.19 show the photographs of measurement set up for 
parallel six-port modulator. Figure 4.18 demonstrates the equipment connection and 
Figure 4.19 shows the parallel six-port modulator connection. 
 





























Fig. 4.18.  Equipment connection for measurement setup 
 
 




In summary, we have discussed the design of our serial and parallel six-port 
modulators and measurement set up at 4.2 GHz in this chapter. The first experiment 
was to verify the transfer functions of both six-port modulators. The S-parameters 
obtained using steady and dynamic reflection coefficients of both serial and parallel 
six-port modulator were compared. Next, the unique Gray mapping of parallel six-
port QPSK modulator were validated. Finally, the carrier leakage was evaluated. 






SIX-PORT MODULATOR FOR 
16-QAM 
 
The 16 Quadrature Amplitude Modulation (16-QAM) is an important modulation 
scheme in wireless communications because it has higher spectrum efficiency than 
others, such as Frequency-Shift Keying (FSK), Binary Phase Shift Keying (BPSK) or 
Quadrature Phase Shift Keying (QPSK) modulations. The traditional 16-QAM 
modulator uses a pair of double balanced mixers for upconversion. A passive double 
balance mixer requires a high LO driving power to operate, e.g. +7 dBm or +13 dBm. 
Their modulation performance becomes worse when the LO power is reduced. The 
six-port modulator overcomes such LO power variation because the modulation 
components are fully passive.  
 
We have proposed and designed a new 16-QAM modulator based on six-port 
technique [24]. This chapter will present the design, simulation and measurement 
results of a novel six-port 16-QAM modulator using a parallel six-port junction. Our 
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results show that it has the advantages of wide dynamic range, low cost and low 
power consumption.  
 
Designing a suitable termination with proper reflection coefficient is an important 
step in this modulator. We have chosen Γ=±1 and Γ=±0.5 as the reflection coefficients 
for the I and Q terminations. Our measurement and simulation results show that 
accurate 16-QAM modulation was achieved. Our modulator successfully transmits 
data stream up to 200Mbps. The theory and experiment have demonstrated that six-
port 16-QAM modulator has wider dynamic range for the LO power. Hence six-port 
technology helps to reduces LO power requirement for 16-QAM modulation.  
 
5.1 Six-port 16-QAM modulator design 
Our six-port 16-QAM modulator consists of a parallel six-port junction using a 
power divider, three 90o hybrid couplers, four RF switches, and reflection 
terminations. This six-port junction is same as the junction used in parallel six-port 
QPSK modulator. Figure 2.5 gave the junction structure. The measured S-parameter 
of this six-port junction can be found in Figure 4.9. The architecture of our 16-QAM 
six-port modulator is shown in Figure 5.1. The reflection coefficients of terminations 
in Port 1 and 2 for channel I (In-phase) and Port 3 and 4 for channel Q (Quadrature 
phase) can be represented as Γn (n=1, 2, 3, 4, n is the port number) in parallel six-port 
junction.  
 
According to the equation (2.65), the RF output voltage Vout of six-port modulator 
is expressed as:  
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( ) ( )[ ]43214
1 Γ+Γ+Γ+Γ−= iVV inout     (5.1)  
 
where Vin is the peak magnitude of LO input signal (volts). The magnitude and 
phase of RF output are related to the reflection coefficients Γ1/Γ2 of channel I and 
reflection coefficients Γ3/Γ4 of channel Q. Assuming all the terminations have pure 
resistance, then all the reflection coefficients are real number. Hence, the Vout can be 
separated to the real and imaginary part, represented by I and Q channel respectively. 
These I/Q voltage can be represented as V_Iout and V_Qout in equation (5.2) and (5.3).   
 
 
Fig. 5.1.  Six-port 16-QAM modulator 
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1_ Γ+Γ−= inout VQV      (5.3)  
 
The parallel six-port modulator for 16-QAM modulation, required V_Iout and 
V_Qout with four-level respectively. The four-level voltage depends on the four 
reflection coefficients in both channel I and channel Q. Since |Γ|≤1, the maximum 
|V_Iout| and |V_Qout| is less than ½Vin.  
 
 As we know in Table 2.1, Γn = -1 when the termination is SHORT and Γn = +1 
when the termination is OPEN in ideal case. For 16-QAM modulator, we need 
another reflection coefficient set Γn=±0.5. Detail combination and output voltages are 
illustrated in Table 5.1.  
 
TABLE 5.1 
16-QAM OUTPUT VOLTAGE VECTOR 
 
 
Based on these required reflection coefficients, it is possible to derive the 
impedance. The impedance Z at each termination can be derived from reflection 
coefficient Γ, according to 
 
 Γ1 +Γ2, where Γ1=±1 and Γ2=±0.5 
 1.5 0.5 -0.5 -1.5 
1.5 -Vin(⅜+i⅜) -Vin(⅛+i⅜) -Vin(-⅛+i⅜) -Vin(-⅜+i⅜) 
0.5 -Vin(⅜+i⅛) -Vin(⅛+i⅛) -Vin(-⅛+i⅛) -Vin(-⅜+i⅛) 
























     (5.4)  
 
where Z0 is system impedance 50Ω.  
 
The termination impedances have values: ZSHORT =0 Ω for short termination 
ΓSHORT=-1, ZOPEN =∞ Ω for open termination ΓOPEN=+1, ZLOW =16.67 Ω for LOW 
termination ΓLOW=-0.5, and ZHIGH =150 Ω for HIGH termination ΓHIGH=+0.5. Table 
5.2 gives the combination value of reflection coefficient ΓON/ΓOFF and termination 
impedance ZON/ ZOFF when RF switch is in ON and OFF status respectively for 16-
QAM operation.  
TABLE 5.2 




16-QAM SIGNAL MAPPING IN GENERAL 
 










0000 ( ) ( )LOWONLOWON i Γ+Γ+Γ+Γ  1000 ( ) ( )LOWONLOWOFF i Γ+Γ+Γ+Γ  
0001 ( ) ( )HIGHONLOEON i Γ+Γ+Γ+Γ  1001 ( ) ( )HIGHONLOWOFF i Γ+Γ+Γ+Γ  
0010 ( ) ( )LOWOFFLOWON i Γ+Γ+Γ+Γ  1010 ( ) ( )LOWOFFLOWOFF i Γ+Γ+Γ+Γ  
0011 ( ) ( )HIGHOFFLOWON i Γ+Γ+Γ+Γ  1011 ( ) ( )HIGHOFFLOWOFF i Γ+Γ+Γ+Γ  
0100 ( ) ( )LOWONHIGHON i Γ+Γ+Γ+Γ  1100 ( ) ( )LOWONHIGHOFF i Γ+Γ+Γ+Γ  
0101 ( ) ( )HIGHONHIGHON i Γ+Γ+Γ+Γ  1101 ( ) ( )HIGHONHIGHOFF i Γ+Γ+Γ+Γ  
0110 ( ) ( )LOWOFFHIGHON i Γ+Γ+Γ+Γ  1110 ( ) ( )LOWOFFHIGHOFF i Γ+Γ+Γ+Γ  
0111 ( ) ( )HIGHOFFHIGHON i Γ+Γ+Γ+Γ 1111 ( ) ( )HIGHOFFHIGHOFF i Γ+Γ+Γ+Γ
 ΓON ΓOFF ZON  ZOFF 
Γ1 -1 +1 ZSHORT ZOPEN 
Γ2 -0.5 +0.5 ZLOW ZHIGH 
Γ3 -1 +1 ZSHORT ZOPEN 
Γ4 -0.5 +0.5 ZLOW ZHIGH 
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In general, the reflection coefficients of the 16-QAM constellation points can be 
given in Table 5.3.  
This six-port 16-QAM modulator performance can be analyzed using same 
method which we have discussed in the section of parallel six-port QPSK modulator. 
This 16-QAM modulator has Gray mapping feature. From Table 5.4, the most 
significant bits (MSBs) I0Q0 00, 01, 11 and 10 are arranged by clockwise if we use 
constellation to represent them. And the least signigicant bits (LSBs) I1Q1 are also 
arranged in the sequence of 00, 01, 11 and 10 in clockwise. There is only one-bit 
difference when the constellation rotates 90 degrees for both I and Q channels. Hence 
it has Gray mapping feature. 
 
5.2 Six-port 16-QAM modulator simulation 
The six-port 16-QAM modulator circuit has been designed and simulated with the 
help of CAD tool from Agilent Advanced Design System. Figure 5.2 shows the 
circuit used for the simulation. The P_1Tone module provides a local oscillator (LO) 
carrier signal and is set at 10mW in this simulation. VtLFSR_DT is a pseudo-random 
pulse train voltage-source. These voltage sources, I0, I1, Q0, and Q1, provide the 
baseband data signal for 16-QAM modulator to control the single-pole double-throw 
(SPDT) switch SW1 to SW4. These switches will select different terminations to form 
16-QAM according to Table 5.1. The passive circuit using HYB1, HYB2, HYB3 and 
PWR1 in Figure 5.2 is a parallel six-port junction. It is same as the QPSK parallel six-
port modulator. We have used 1 MΩ resistor as the open terminations and 0 Ω resistor 
as short terminations for ideal simulation. ZLOW and ZHIGH is 16.67 Ω and 150 Ω 
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resistors respectively in this simulation. These values are derived from equation (5.4). 
This simulation uses the ADS circuit envelope simulator for efficient RF and digital 
co-simulation.  
 
Figure 5.3 is the I and Q trajectories diagram of our simulation result. Table 5.4 
gives the modulated vector signal of simulation result, where ‘1’ in data sequence 
I0I1Q0Q1 represents a high switched voltage. Similarly, ‘0’ represents a low control 
voltage. The results of Table 5.4 and Figure 5.3 have shown that this six-port 
modulator performed the function of 16-QAM modulation.  
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0000 0.53 -135 1000 0.395 -71.565 
0001 0.395 -161.533 1001 0.177 -45 
0010 0.395 161.533 1010 0.177 45 
0011 0.53 135 1011 0.395 71.565 
0100 0.395 -108.438 1100 0.53 -45 
0101 0.177 -135 1101 0.395 -18.439 
0110 0.177 135 1110 0.395 18.439 
0111 0.395 108.438 1111 0.53 45 
 
 
-0.4 -0.2 0.0 0. 0.4-0.6 0.6 
R
I and Q Trajectories of Six-Port 16 QAM 
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5.3 Results from the experimental setup 
An experimental six-port 16-QAM modulator was built and measured to verify 
the design and simulation. All the SHORT, OPEN, Γ = ±0.5 terminations are designed 
and fabricated. The experimental modulator also includes commercial broadband RF 
switches, ZASWA-2-50DR from MINICIRCUITS; quadrature hybrids, QS2-05-463/2 
from PULSAR; and power divider, PS2-14-450/8S from PULSAR. The operating 
frequency range of PS2-14-450/8S and QS2-05-463/2 is from 4GHz to 8GHz. PS2-
14-450/8S is a two way 0o Wilkinson power divider. QS2-05-463/2 is a 2:1 strip line 
SMA 90o hybrid. The pin configuration of this 90o hybrid is different from traditional 
quarter wavelength 90o hybrid. The specifications of these components have been 
reported in Chapter 4. The parallel six-port junction structure is the same as the 
junction described in Chapter 2 except for the additional terminators.  
 
The measured results were captured by our commercial test equipments. We 
designed and made our level shift adapter. The commercial test equipments include 
Agilent E8364B PNA Series Vector Network Analyzer (VNA), Anritsu MP1763C 
pulse pattern generator with multi-channel output option, Agilent E8247C PSG CW 
signal generator, Agilent 13GHz oscilloscope, and Agilent 89600 vector signal 
analyzer (VSA).  
 
The Figure 5.4 shows this experimental test setup diagram. Anritsu MP1763 
generates the four channels pseudorandom binary data with peak amplitude less than 
2V. The data signal level from MP1763C pattern generator has to be converted to 
TTL level by a level shifter because the RF switch ZASWA-2-50DR requires TTL 
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level drive. We need a MAX999 ultra high-speed comparator to build this TTL level 
converter on RO4003C substrate. The MAX999 is a low-power, ultra-high-speed 
comparators with internal hysteresis. It is optimized for single +5V operation. The 
propagation delay of this comparator is 4.5ns (5mV overdrive), while the supply 
current is 5mA. The MAX999 is in a tiny SOT23-5 package. The PCB layout of this 
TTL converter is shown in Figure 5.5. Agilent E8247C PSG provides the 4.2GHz 
carrier signal for this 16-QAM six-port modulator. The output power of the signal 
generator is varied from 10dBm to -20dBm in this experimental measurement. The 
modulated RF signal is captured by a 89600 vector signal analyzer through the 13 
GHz digital oscilloscope.    
 






































































































































Fig. 5.5.  PCB layout of TTL converter  
 
The termination impedances are measured by Agilent E8364B VNA. At 4.2GHz, 
the measured impedances are ZSHORT=0.279+i2.54 for SHORT (in port 1 and 3) 
termination, ZLOW=15.647+i13.724 for LOW termination (in port 2 and 4), 
ZHIGH=97.897+ i53.735 for HIGH termination (in port 2 and 4), and ZOPEN=699.84+ 








Figure 5.6 shows the measured results of the 16-QAM constellations from the 
vector signal analyzer (VSA) using our parallel six-port modulator, with 4.2 GHz 
carrier frequency and 10 MHz baseband symbol rate. Error Vector Magnitude (EVM) 
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is 6.99% using the above mentioned terminations, six-port junction, and measurement 
equipments.  
 
This experiment shows that the EVM of six-port 16-QAM modulation is not 
related with the LO power. It implies that the dynamic range of six-port 16-QAM 
modulator can be higher than a traditional double balanced mixer type 16-QAM 
modulator. The LO power versus EVM variation is shown in Figure 5.7. The EVM 
variation is the percentage difference between the measured EVM value in certain LO 
power and the reference EVM value. The reference EVM value is 6.99% when LO 
power is 0dBm. From the measurement, we can see that the EVM variation is less 
than in the LO power range from +10dBm to -20dBm. The measurement error of 
±0.1% is limited by our test equipments, actual dynamic range should be wider than 
this measurement result.  
 
 





Fig. 5.7.  EVM Variation vs. LO power 
 
5.4 Summary 
In summary, a novel 16-QAM modulator has been proposed to increase the data 
rate in this chapter. Six-port 16-QAM modulator has been analyzed using the transfer 
function derived in previous chapters and validated with measurements. The choice 



























The conclusion of this dissertation and proposed future work are presented in this 
chapter. It summarized the main contribution of this research for six-port modulation 
and proposed potential applications of six-port modulator and its ramification.  
 
In this dissertation, the S parameters matrices of the serial and parallel six-port 
junctions, equation (2.12) and (2.33), have been derived. These S parameters of six-
port junction have been verified by the simulated results obtained from commercial 
electronic design automation (EDA) software. Then we have derived the transfer 
function of serial six-port modulators in equation (2.56) and parallel six-port 
modulators in equation (2.65) based on the derived S-parameter matrix. These transfer 
functions provide the first link between the modulated reflection coefficient and RF 
output signal.  
 
To quantify the carrier leakage caused by the reflections at the terminations, we 
have studied the signal offset by the centroid of the verticies of the constellation in 
equation (3.10) and (3.11) for both serial and parallel six-port modulator and derived 
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the carrier leakage power based on the constellation offset magnitude in equation 
(3.19). Based on this analysis, the LO-RF isolation for the serial and parallel six-port 
modulators are represented in equation (3.21) and (3.22) respectively. In this research, 
one of the key findings is that the carrier leakage reaches to a minimum when the 
reflection coefficient at the “ON” status equals to the negative of reflection coefficient 
at the “OFF” status, i.e. ΓON = -ΓOFF. This solution is applicable to both the serial and 
parallel six-port modulators. The measurements have validated the analysis of carrier 
leakage and there are good agreements between the theory and experiment in both 
six-port modulators.  
 
Further study based on the transfer functions reveals the Gray mapping feature 
was found only in the parallel modulator but this is missing in the serial modulator. 
This solution can be found from equation (3.28) and (3.29). It is also verified by the 
simulated result in ADS and measured result in Figure 3.3, Table 4.9 and Table 4.10. 
Therefore, the parallel six-port modulator can expect better BER performance 
compared with the serial six-port modulator. We have also shown that the 
constellation of parallel six-port modulator does not rotate when the length of 
transmission path of I channel equals to the length of transmission path of Q channel. 
But the constellation will rotate if the length of transmission line is not zero in serial 
six-port modulator (in Figure 3.7).  
 
Our analysis shows that the serial modulator has a maximum conversion 
efficiency of 100% and parallel modulator has only 50% when all the terminations 
have ideal reflection coefficients. This result is illustrated in equation (3.36) and 
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(3.37). But the conversion efficiency of serial modulator drops faster than parallel 
when the terminations are not ideal. Our analysis results also show that serial 
modulator requires tighter fabrication tolerances due to the cascaded topology as 
compared to the parallel modulator.  
 
In the last part of this dissertation, we have proposed a new 16-QAM modulator 
based on parallel six-port technique and discussed the design methodology. The 
constellation vector is first derived in Table 5.3. This table provides a link between 
16-QAM signal vector and reflection coefficient of termination in six-port modulator. 
Designing a suitable termination with proper reflection coefficient is important in this 
16-QAM modulator. We have used Γ=±1 and Γ=±0.5 as the reflection coefficients at 
the termination to form 16-QAM modulation. The measurement result in Figure 5.6 
and simulation result in Figure 5.3 show that accurate 16-QAM modulation can be 
achieved. This modulator has successfully transmitted data stream up to 200Mbps in 
our experiments. The theoretical and experimental results have demonstrated in 
Figure 5.7 that the six-port 16-QAM modulator has a wider dynamic range in LO 
power, which helps to reduces the LO power requirement for 16-QAM modulation.  
 
From our research work, we can see that there are three major advantages of the 
parallel six-port modulator. It has Gray mapping feature which allows better bit error 
performance. Hence, it is more suitable for wireless communication. Second 
advantage is the low power consumption since it is essentially passive circuit. This 
feature becomes more attractive for handheld and battery operation applications in 
view of emerging technology such as Micro Electro Mechanical Systems (MEMS) 
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switch and Nano Electro Mechanical System (NEMS) switch. The third advantage is 
that it can accommodate the wide dynamic range of the power for LO. Traditional 
modulator has a minimum power requirement for LO power because the LO signal 
plays a switching function. But the parallel six-port modulator change the switching 
function through baseband signal. Hence, there is no special requirement for LO 
power. This feature suggests that the parallel six-port modulator maybe suitable for 
operating at submillimeter wave, a good topic for future work. 
 In addition, future works can also consider the utilising the connection-matrix 
approach for the derivation of the composite scattering matrix for the parallel six-port 
configuration and other more complicated six-port structures.  
Hardware imperfections and impairments exist in practice. Further analyses using 
electromagnetics or equivalent circuit models, etc can be considered  to account for 
these  in future work on  six-port analyses.  For example, the effects of transmission 
loss and non-ideal reflection in passive structure  may affect  the performance of six-
port modulators in the  dynamic range,  conversion efficiency etc. It is more accurate  
to create a more precise transfer function to include these effects  but at the expense of 
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